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(most) properties of the 4-star states. For the 3-star and lower
states, however, even a statement of existence is problematic.

—— Arndt, Briscoe, Strakovsky, Workman PRC 74 045205 (2006)
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PDG *s and N*’s origin

Particle Logpoystatus Nx Ny AK XK Ar Np Ny
N(939) Pi; #sxx

N(1440) Pyp ok FRRk K *kk ok *kk
N(1520) D3 #kxx KRk Kk KKK KRRk kkokk
N(1535) 811 ##x*x Kkkk  kkokk * *k  kkk
N(1650) 811 #kxx KkkK K *kk Kk kkk kK Rk
N(1675) Di5 ks *RRE % * *hEX K *kkk
N(1680) Fi5  skex FkEK ¥ KREK  KRKE KKHR
N(1700) D13 #xx . s . *x
NilD P, ¢ BEE A" % ¥ o* Kok
N(1720) Pi3  #kxx KK K Kk * k% Kk
N(1900) P13 *k 2 *

N(1990) Fi7 s« L *
A(1232) Pg3  xxxx wkkk I Kk kR
A(1600) DPsg  xxx *kk 0? e & **
A(1620) S ks *kkk T Rk dokkk ook
A(1700) Dzg  #kxx *k%% b * *RE KK EEE
A(1750) P = * 5

A(1900) Sz *x H "d * * e
A(1905) Fy5  xxxx kb d * Kk *% Sk
A(1910) Py ek FHhK e * * * *
A(1920) Psg  #xx *ohk : * *
A(1930) D3z #%x e P * o
A(194U) D33 * * E

A(1950) Fyr sk *kkE O * *RRE K FHAK

.geffégon Lab

Thomas Jefferson National Accelerator Facility

v" Most of their properties were
extracted from

aN — nN
YN — N

- Need consistent

analysis of
nN and N channels
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v

Most of their properties were
extracted from

aN — 7N
YN — nN

Are they all genuine quark/gluon
excitations (with meson cloud) ?

meson cloud

O

Va

core

IN®) = lgqq) + Im.c.)

Is their origin dynamical ?

- some could be understood as arising from
meson-baryon dynamics
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Data change N* structure study

Recent high precision data of meson photo- and
electro-production reactions open a great opportunity of
making quantitative study of the N* structure.

JLab, Bonn, GRAAL,
Mainz, SPring-8, ...

e.g.) single pion electroproduction reactions

sz—q2>0

Corresponds to N
beam resolution

N-N* e.m. transition
form factors

' Thomas Jefferson National Accelerator Facili :
J,effegon Lab Rl @ @JSA




Excited Baryon Analysis Center @ Jefferson Lab

Founded in January 2006 http://ebac-theory.jlab.org/

Reaction Data

nN — =N, 1N, nnN, KY, wN...

Y®N — =N, 9N, mrN, KY, @N...
Through the comprehensive analysis

l of world data of =N, yN, N(e,e’) reactions,

Objectives and goals:

v" Determine N* spectrum
(masses, widths)

Dynamical Coupled-Channels Analysis @ EBAC
\ v Extract N* form factors, in particular
the N-N* electromagnetic transition

y 4
Hadron Models Lattice QCD form factors
v" Develop a method to connect with
hadron structure calculations and

deduce the structure of N* states

Thomas Jefferson National Accelerator Facili
.!effé?on Lab 4 @ @JSA



Dynamical coupled-channels model @ EBAC

‘ N* spectrum, structure, ... I % ‘ Meson production data I

/ CRe

eaction mechanism
Dynamical coupled-channels model of meson production reactions

A. Matsuyama, T. Sato, T.-S.H. Lee Phys. Rep. 439 (2007) 193

v Maintain coupled-channels unitarity of N, nN, naN (3 A, oN, pN)

Singular!
I
v Can treat 7N 3-body unitary cut A = gl

N

Thomas Jefferson National Accelerator Facili
.!effezon Lab v




Dynamical coupled-channels model @ EBAC

For details see Matsuyama, Sato, Lee, Phys. Rep. 439,193 (2007)

v Partial wave (LSJ) amplitude of a 2> b reaction:

LSJ LSJ = 57 ST
TfZ b (Pa. Py E) = Vc(l b )(pa,pb)+§ f q4*dqV, ( (Pa, )Gc(an)T( (G, pp: E)
b b C O

coupled-channels effect
v" Reaction channels:

a,b,c = ()/(*)N, 7N, T]N,'T[A oN, pN,i KA, KX, wN)

v Potential:

Il Tnep

V = v + Z ’
a.b a;b L4 E - My

‘ meson exchange I ‘ bare N* state I

) Thomas Jefferson National Accelerator Facili :
.J,effegon Lab 4 @ @JSA

Impose minimal number of
bare N* state: at present

16 of 18 (= # of 3" and 4* N*s
below 2 GeV)




Dynamical coupled-channels model @ EBAC

/ 7. 7k, i) + N(p) — p(k', j) + N(p'):
V=V + V] + V] +V]+ V]

For details see Matsuyama, Sato, Lee, Phys. Rep. 439,193 (2007)

with
-7 i‘nNN
V, = i goNNIT SN (p + k)fyst',
- frNN
V) =i—"— gpNNK)5T ‘Sn(p — K )Wy,
My
VC - 7gﬂﬁﬂ'€fjfr 2 ) *
My g=—ne:
= anN !
Vi =i . %’;;NNﬁ} VSEGIIT » e—
T
%0 f[)k,
= EoNNEwnp . 1/)106 k 5 Ke 5 5
Vg? = / au 3 T( + 7(}"(‘?}? & Q/f",‘() .
Mey qg- — m;,) dmpn
where
;1’ —k 7{; ):|

- Thomas Jefferson National Accelerator Facili
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Strategy for N* study @ EBAC

nN — nN, KY, oN

Applicati;w Extract N* 2 1N, KY, oN
4
< Feedback I aN — o N
Refit hadronic part
| Application > of parameters

[1 [1

Pass hadronic parameters Pass hadronic parameters

() e
0% N — N Feedback 0% N — N
Fit electro-magnetic Refit electro-magnetic
part of parameters Application part of parameters
YN = N, KY, wN

Applicatio}\
Extract N* 2 nN, KY, oN

) Thomas Jefferson National Accelerator Facili :
.J,effegon Lab 4 @ @JSA
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7N — N

Fit hadronic part
of parameters




Strategy for N* study @ EBAC

—_— —l Extraction of N* poles and N* > MB decay vertices l— —— -y

-

[

I

|

I N — N
I

[

I

N — nnN

Refit hadronic part
of parameters

Fit hadronic part
of parameters

L e e e e e e e e e e e e e e e e e e e e e e e e e e e o [

() ()
vy''N — aN v''N — nanN

I
: |
: |
: Fit electro-magnetic Refit electro-magnetic | |

I
: |
: |
I

part of parameters part of parameters

—_——— —I Extraction of N-N* ele.-mag. transition form factors l— —_—— o d
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Strategy for N* study @ EBAC

—_— —l Extraction of N* poles and N* > MB decay vertices l— —— -y

-

[

[

| 7

I aN — 1N
[

[

N — nnN

Refit hadronic part
of parameters

Fit hadronic part
of parameters

Develop a method to connect our f.f.s with hadron structure calculations

()

y''N — nnN
Refit electro-magnetic
part of parameters

-
%

y( )N — 7N

Fit electro-magnetic

part of parameters

—_——— —I Extraction of N-N* ele.-mag. transition form factors l— —_—— o d
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Current status of the EBAC-DCC analysis
‘ Hadronic part I

vaN->nN : fitted to the SAID PWA up to W = 2 GeV.
Julia-Diaz, Lee, Matsuyama, Sato, PRC76 065201 (2007)
vaN->nnN :cross sections calculated with the N model; fit is ongoing.
Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC79 025206 (2009)
vaN->nN . fitted to the data up to W = 2 GeV

Durand, Julia-Diaz, Lee, Saghai, Sato, PRC78 025204 (2008)
‘ Electromagnetic part I

vV v N> nN . fitted to the data up to W = 1.6 GeV (and up to Q2 = 1.5 GeV?)
(photoproduction) Julia-Diaz, Lee, Matsuyama, Sato, Smith, PRC77 045205 (2008)
(electroproduction) Julia-Diaz, Kamano, Lee, Matsuyama, Sato, Suzuki, PRC80 025207 (2009)

v vy N> N :cross sections calculated with the yN & N model; fit is ongoing.
Kamano, Julia-Diaz, Lee, Matsuyama, Sato, arXiv:0909.1129 [nucl-th]

v y®»N->nN . in progress

v v+ N2> KA . In progress

Thomas Jefferson National Accelerator Facility
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vaN->nN : fitted to the SAID PWA up to W = 2 GeV.
Julia-Diaz, Lee, Matsuyama, Sato, PRC76 065201 (2007)
vaN->nnN :cross sections calculated with the N model; fit is ongoing.
Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC79 025206 (2009)
vaN->nN . fitted to the data up to W = 2 GeV

Durand, Julia-Diaz, Lee, Saghai, Sato, PRC78 025204 (2008)
‘ Electromagnetic part I

vV v N> nN . fitted to the data up to W = 1.6 GeV (and up to Q2 = 1.5 GeV?)
(photoproduction) Julia-Diaz, Lee, Matsuyama, Sato, Smith, PRC77 045205 (2008)
(electroproduction) Julia-Diaz, Sata _Suzuki PRCA0 025207 (2009)

v vy N2> nnN :cross sectio
Kama

v y®»N->nN . in progress

“Complete Experiment” is planned by CLAS.
- Collaborated project on yp = K*A with
A. Sandorfi (CLAS) and S. Hoblit (BNL)

is in progress.

v v+ N2> KA . In progress

Thomas Jefferson National Accelerator Facili
.!effé?on Lab 4 @ @JSA



Pion-induced hadronic reactions |

1. N —> N  scattering
2. N — nnN reaction

3. TN = nN  reaction

) Thomas Jefferson National Accelerator Facili ) :
.!effegon Lab Rl @ &JSA



1. Pion-nucleon elastic scattering

Julia-Diaz, Lee, Matsuyama, Sato, PRC76 065201 (2007)

v' MB = nN, N, nnN (3 nA, oN, pN) coupled-channels is considered.

v Fitted to the SAID =N partial wave amplitudes up to 2 GeV.

v" MINUIT library is employed for the numerical minimization. . X
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1. Pion-nucleon elastic scattering

Julia-Diaz, Lee, Matsuyama, Sato, PRC76 065201 (2007)

v' MB = nN, N, nnN (3 nA, oN, pN) coupled-channels is considered.
v

Fitted to the SAID =N partial wave amplitudes up to 2 GeV.

v MINUIT library is employed for the numerical minimization.

80

250
=
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240 e
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1. Pion-nucleon elastic scattering

Julia-Diaz, Lee, Matsuyama, Sato, PRC76 065201 (2007)

‘ Angular distribution I ‘ Target polarization I

Tp— TP Tp— WP Tp— TP Tp—TDp
d=g—T T 1 4T T T 1— . — T I— S
33 W=1235 MeV— { . W=1440 MeV - - W=1230 MeV . - W=1640 MeV -
3 )
2‘5__ =i
':_)__
1.5F
A~ '}:\l L e - ‘ }
é g}__ W=1535 \-1L~\-‘T;_ IS;\ W=1650 MeV |
é"ig 110 R
g2k 1 5 4
6 1 4 °f "
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M W=1680 MeV - \ We=1R800 MeV
15 1 8k { "
10 16¢ g
; 4 Wi
5 1 2 : | ,.
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2. pi N - pi pi N reaction

Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC79 025206 (2009)

‘ Parameters used in the calculation are from 7N - =N analysis. |

6 (mb)

[
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2. pi N - pi pi N reaction

T p—onnn

Invariant mass
distributions

—— Full result

= = = - Phase space

J,effégon Lab

X do/dM(r n) (mb/MeV)

do/dM(1t n) (mb/MeV)

do/dM(Tt' ) (mb/MeV)
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Data handled with the help of R. Arndt
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2. pi N - pi pi N reaction

Kamann hilia_NiaZz | aa NMateiniama Qatn DPRPAM70 N2R2.NA (2°NNON
_ _l_ _
T p T 7T n — W =1.44 (GeV) W =1.6 (GeV) W =1.79 (GeV)
E 006 ——T———T—— 0.08 —T T 006 ——T————T———
3 HIM\ 1 0.06 - =

e

(# of TN - =N data) / (# of N - nN data) ~ 1200 / 24000
-1 Above W =1.5 GeV,

v All available data were measured more than 30 years ago.

v" No differential cross section data are available for
quantitative fit (only the data without error bar exist).

Q 0 R B SERREN & X 0 ................ o 0 e i o
1) 02 03 04 05 06 02 0.4 0. 08 02 04 06 08 1

M@ T ) (GeV) M T ) (GeV) M@ T ) (GeV)

Data handled with the help of R. Arndt
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3. pi N 2 eta N reaction

Durand, Julia-Diaz, Lee, Saghai, Sato, PRC78 025204 (2008)

W=1.586 GeV

dQ (mb/sr)

do/

’/ T84 4 w'@vvvwvwww

* H = = = "”—"— ~2 . o o b ,—" g T
N* - nN varied : :
-1 -0.8-0.6-04-02 0 0.2 0.4 0.6 0.8 -1 -0.8-0.6-0.4-02 0 0.2 0.4 0.6 0.8 1
cos 0 cos 0

————— Model constructed from
nN - nN analysis only

Thomas Jefferson National Accelerator Facility

.!effezon Lab



Photon- and electron-induced reactions |

1. YN — N reaction
2. eN — e’nN reaction

3. YN = N reaction

) Thomas Jefferson National Accelerator Facili ) :
.!effegon Lab Rl @ &JSA



1. Single pion photoproduction (Q2 = 0)

Julia-Diaz, Lee, Matsuyama, Sato, Smith, PRC77 045205 (2008)

v Fitted up to W =1.6 GeV.

v' Only r];N—>N* is varied.

O Comparison to data
— Total cross section

400 — | | | | | 300 | | |
300
= 200
=
o 200
100
100
= ' T 0
1100 1200 1300 1400 1500 1600 1100 1200 1300 1400 1500 1600
W (MeV) W (MeV)

' Thomas Jefferson National Accelerator Facili :
J,effegon Lab Rl @ @JSA



1. Single pion photoproduction (Q2 = 0)

Julia-Diaz, Lee, Matsuyama, Sato, Smith, PRC77 045205 (2008)

v Fitted up to W =1.6 GeV. 0 n
- Yp = mp Yp > nn
v |
Only N _, N+ is varied. 20 | | 40 |
25+ W=1232 MeV— W=1232 MeV
| _ 30 I = 86 -'-*;."5 o)
O Comparison to data B 8w @ 20
i 10 - = 5
— Total cross section sl | 10
. . . I I I I
— Differential cross section 280 60 120 130 280 60 120 130
= I I I I
g sk W=1209MeV_| | W=I299 MeV |
g
~ 10— 10— —
G e
Q S5+ 5 2o —
< 0 | | 0 | | ik
0 0 60 120 180
20 5 I i
s 4 W=1544 Me\gggé —
3 g o —
10 QHD
2 e
3 1F & -
i | |
0 00 60 120 180
0 (deg.)
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1. Single pion photoproduction (Q2 = 0)

Julia-Diaz, Lee, Matsuyama, Sato, Smith, PRC77 045205 (2008)

v Fitted up to W =1.6 GeV.

+
. Yp > TN
v Only 4 N—>N* is varied. 1 | | | , , I . .
W=1154 MeV W=1162 MeV W=1178 MeV
- 05 - 05 - 05 —
O Comparison to data : N <
— Total cross section 0 | . 0 | T 0 | |
. . . | 0 60 120 180 | 0 60 120 180 | 0 60 120 180
— Differential cross section T 120 Moy T o Moy T o12%2 VeV
i ;
— Photon asymmetry st o L pp— 1ol ]
. .
0 | | 0 | | 0 | |
| 0 60 120 180 | 0 60 120 180 | 0 60 120 180
I §= I285 MeV I W=P|299 MeV 3 I W=1|417 MeV
[
L 05 - I d 05t Host : -
H
0 | | 0 | | 0 | |
0 60 120 180 0 60 120 180 0 60 120 180
1 T T 1 T T 1 1L T
W=1496 MeV W=1513 MeV W=1544 MeV
0.5 /\ 05 2, 405 M\_
0 0 z 0
-0.5 — .05 --0.5 —
1 | | 1 | | _1 | |
0 60 120 180 ¢ 60 120 180 60 120 180
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2. Single pion electroproduction (Q2 > 0)

Julia-Diaz, Kamano, Lee, Matsuyama, Sato, Suzuki, PRC80 025207 (2009)

‘ Fit to the structure function data from CLAS I oo = To(W, Q% cos 65)

do” .
- = TIy|or + €0+ \2e(l + €)o7 cosdy + €0 cos2¢y + he \2e(1 — €)o7 sin Py | .
dE +dQ ,,dQ Y
e e T
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p (e,e’ %) p 30 6
! — T T T — B T T
© 20 [ -+ -+ 4 8 4t { - -
+H 10 -+ - . +H 2 -+ .
S | I ] e 7] Il | bt
P T N O e SR N R R B m il | L%
4 0 05 0 05 0.5 0 0.5 0.5 0 05 0 0.5 0 05 0.5 0 05 0.5 0 05
W < 1-6 Gev 5 T T T T T T T T T T T T T T 3 T T T T T T T T T T T T T T T T T T T T T
Q2<1.5(GeVlc)2 50 i ij“ﬁ_{_i_!/{ SO_!W.—E; R I B e S
. S “*‘L!—H—H" { T | e °f 1 t BRE!
r _)N* Is determlned _5 ' | ' | ' | ' ' | ' | ' | ' _3 ' | ' | ' | ' ' | ' | ' | ' ' | ' | ' | '
at each Q2 05 0 05 0.5 0 05 0.5 0 05 . 0.5 0 05 0.5 0 05 0.5 0 05
0 WW i T |
£ i i ] DEOWJ—-—L*;,-ELLL;;}}J},H
-10 F —+ -+ . al 1 _ |
05 0 05 05 0 05 050 05 5 05 0 05 050 05 050 05
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= i T 1 = Ir T 7]
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0.5 0 05 0.5 0 05 0.5 0 05 0.5 0 05 0.5 0 05 0.5 0 05
cosO cosO cosO cosO cosO cosO
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3. Double pion photoproduction

Kamano, Julia-Diaz, Lee, Matsuyama, Sato, arXiv:0909.1129 [nucl-th]

‘ Parameters used in the calculation are from N - nN & yN - =N analyses. |

Total cross sections at low energies W < 1.4 GeV

vp — 7r+7r_p vp — 7TO7T0p yp — 7r+7r0n
1000 F——T——F—7 100 F———F——F—7— 100
S 10 1 1
=
© 01 0.01 0.01

001 : : : 0.0001 : : : —0.0001 : ' '
1200 1250 1300 1350 1400 1200 1250 1300 1350 1400 1200 1250 1300 1350 1400
W (MeV) W (MeV) W (MeV)




3. Double pion photoproduction

Kamano, Julia-Diaz, Lee, Matsuyama, Sato, arXiv:0909.1129 [nucl-th]

+ — 250 — T T T I T 400 ' T ' T ' T
Yp 2 T TP ool
S |
= 200 |
b L
100
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1600 1700 1000 1200 1400 1600
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3 I 200 -
= 2R
o 10F 100F & g™ )
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Da00 1300 1400 1500 1600 1700 1000 1200 1400 1600
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O 80 T T T T
+ L
’yp —> T 7T N = 60
o Full results
= 40
b L
20 ]
_ P B gnNA varied +/- 20%
0 Y AR N N

1200 100 1400 1500 1600 1700
W (MeV)
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Summary and future plans

‘ Summary I

v The EBAC-DCC analysis has successfully constructed
a reaction model describing 7N - 7N, 1N up to W = 2 GeV and
Y*IN 2 nN up to W = 1.6 GeV and Q2 = 1.5 (GeV/c)2.

v" The model has been applied to TN - nnN and yN - nnN.

‘ Future plans for EBAC-DCC analysis I

v" Refining model parameters by simultaneous,
combined analysis of N, YN - =nN, N, nN.

Problem:
Lack of hadronic data in
nwN, KY, oN,...

v Search for new N* states via the analysis of =N, YN 2> KY, oN.
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